Abstract-We present the use of atomic force microscopy (AFM) to visualize and quantify the dynamics of epithelial cell junction interactions under physiological and pathophysiological conditions at the nanoscale. Desmosomal junctions are critical cellular adhesion components within epithelial tissues and blistering skin diseases such as Pemphigus are the result in the disruption of these components. However, these structures are complex and mechanically inhomogeneous, making them difficult to study. The mechanisms of autoantibody mediated keratinocyte disassembly remain largely unknown. Here, we have used AFM technology to image and measure the mechanical properties of living skin epithelial cells in culture. We demonstrate that force measurement data can distinguish cells cultured with and without autoantibody treatment. Our demonstration of the use of AFM for in situ imaging and elasticity measurements at the local, or tissue level opens potential new avenues for the investigation of disease mechanisms and monitoring of therapeutic strategies in blistering skin diseases.
I. INTRODUCTION

I
N RECENT years, AFM is increasingly being used for biological and medical applications [1] - [3] . It has proved to be an effective tool for quantifying the elasticity of various types of cells, such as metastatic lung, breast, and pancreatic cancer cells [4] , [5] , as well as benign and cancerous human breast epithelial cells [6] . Using AFM, metastatic cancer cells have been shown to exhibit much lower elastic stiffness than their benign counterparts, likely reflective of cytoskeleton changes associated with cellular transformation [4] , [5] . Additionally, AFM indentation studies have shown that age-related morpholical and biochemical changes in articular cartilage can be detected by force measurements [7] . These studies indicate that AFM has the potential to provide a link between the structural and mechanical properties of cells and their cellular function in the context of physiological and disease states.
Epithelial cells are connected by unique cell-cell junctions, called desmosomes. These junctions are crucial in maintaining stability and providing mechanical strength for epithelial tissues [8] . The blistering skin disease Pemphigus vulgaris (PV) is caused by the disruption of the desmosomal complex subsequent to autoantibody binding to desmoglein (Dsg)3, and in same cases Dsg1, both components of the desmosomal complex [9] , [10] . However, the exact consequences of antibody binding and the precise mechanisms of cell dissociation are not known.
Due to the complex structure and nanoscale dimensions of desmosomal junctions, investigation of their structure-function in physiological conditions is technically challenging. To date, details of their ultrastructure have primarily been studied in fixed cells by electron microscope (EM) [11] . However, this technique cannot monitor dynamic changes in living cellular tissues and the sample preparation process for EM can lead to the disruption of cell structural properties. Optical microscope techniques such as immunofluorescence (IF) microscopy have been used to study cell-cell adhesion molecules and proteins, but the lack of high resolution associated with these methods makes it difficult to obtain detailed views of cell junctional structures. By contrast, AFM offers a unique tool to study living cells under physiological and pathophysiological conditions at the nanoscale in both healthy and antibody-treated samples. Additionally, AFM can be used to monitor changes in the mechanical property of the cells. It is known that the intercellular junctions along with the focal adhesion sites constitute the external force balance component for the cell under which prestress exists [12] . The absence or disruption of desmosomal structures can be expected to lead to a change in prestress that defines mechanical properties such as the cell stiffness. AFM instrumentation can perform measurements used to calculate cell stiffness with less than 100 nm indentation at the cell surface. One of the unique features of this technology is that the location for each indentation can be visualized and accurately controlled beforehand by AFM imaging and manipulation using a joystick control. This allows indentations to be focused at the center of the cell to avoid the substrate effect of force measurements recorded at cell peripheral sites [13] .
To our knowledge, no studies have previously used AFM to measure quantitative changes relating to desmosomal junctions. To date, AFM has been used to detect morphological changes of human keratinocytes after electromagnetic radiation [14] , [15] , but these studies were not focused on investigating desmosomal junctions. In addition, molecular binding activities of Dsg1 have been investigated by AFM in a cell-free system [16] . Our group, however, has recently used AFM to image cell adhesion structures in human keratinocytes in high resolution [17] .
In this report, we present the use of AFM to evaluate the mechanical properties of epithelial cells before and after autoantibody binding. We developed a set of experimental conditions to produce robust and quantitative nanomechanical data in the context of intercellular adhesion. We used the human keratinocyte cell line HaCaT to map the elastic properties of living cells and to provide a better understanding of the mechanical consequences associated with the disruption of intercellular adhesion. Specifically, we treated HaCaT cells with anti-desmoglein 3 antibodies and measured deflection-displacement curves in real-time, to monitor the effect of autoantibody binding in situ. We report that there are distinct mechanical changes at the cell membrane, in particular, increased stiffness subsequent to autoantibody treatment of keratinocytes. Our data provide a direct examination of the mechanostructural consequences associated with the attachment of disease associated autoantibodies to the keratinocyte surface.
II. EXPERIMENTAL METHODS
A. AFM Imaging
We used a Bioscope AFM (Veeco Instruments, Woodbury, NY) for imaging living HaCaT cells, which is equipped with a scanner and connected to peripheral devices including an optical microscope and a charge-coupled device (CCD) camera. The scanner has XY scan range of m m and a Z range of 5 m. Silicon nitride cantilevers (spring constant: 0.38 N/m, Veeco Instruments) were used for imaging samples in culture medium. All scans were completed by taking 256 256 point scans and recording topographic data. Both the trace and retrace images were measured and compared.
B. Cell and Antibody Preparation for AFM Measurement
We have established both primary keratinocyte cultures as well as keratinocyte cell lines in our laboratory. Since in vitro cultures of primary human keratinocytes must be carried out under stringent culture requirements and are hindered by their short lifespan in vitro (only 10-15 population doublings before undergoing terminal differentiation), the HaCaT cell line, a spontaneously transformed human adult skin keratinocyte line that maintains full epidermal differentiation capacity and a near normal phenotype was used for the experiments presented in this report [18] . HaCaT cells have been used extensively to study desmosomal cell junctions [19] , [20] . This keratinocyte cell line represents mature differentiated keratinocytes but not terminally differentiated corneocytes [21] , [22] , and recapitulates normal human differentiation behavior in vitro, particularly in terms of desmosomal kinetics [23] .
For all experiments presented here, HaCaT cells were plated at an initial concentration of cells/ml/well in 12 well plates and grown to confluence (typically for 4-8 days) in DMEM medium (Gibco-Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum (Gemini Bio-products, West Sacramento, CA) and penicillin:streptomycin (10 000 U/ml:10,000 g/ml; Gibco) in humidified conditions (at 37 C, 5% CO ). When grown in standard DMEM, cell differentiation and stratification is induced by confluence and high cell density [21] , [22] . Thus, at our experimental time points, HaCaT cells can be expected to express a phenotype that is more differentiated than the fully basal phenotype but not terminally differentiated. In the studies presented here, we used the pathogenic anti-Dsg3 antibody Px4-3, a single-chain variable-region fragment (ScFv) monoclonal antibody isolated from a patient with mucocutaneous PV by phage display (kind gift of Dr. Aimee S. Payne, MD, Ph.D., Department of Dermatology, University of Pennsylvania, Philadelphia, PA). For each experiment, the antibody was diluted in phosphate buffered saline (PBS) or cell culture medium at 1:50. We used purified goat anti-mouse Ig antibody (BD Pharmingen, San Jose, CA) at a 1:50 dilution as an irrelevant control antibody.
Cells were plated onto poly-L-ornithine (Sigma-Aldrich, St. Louis, MO) coated glass coverslips. After the cells had grown to confluence, the glass coverslips were washed with PBS and transferred to the AFM instrument directly. For the studies involving antibody treatment, samples were visualized at the indicated time intervals after addition of the antibody. During the experimental time period, a constant amount of culture medium was applied to the cells.
C. Immunofluorescence (IF) Imaging
HaCaT cells were grown to confluency on coverslips as described above. After fixation in 99.93% dry methanol for 5 min, rabbit anti-human desmoplakin (one of the major proteins in the desmosomal structure) antibodies (kind gift of Drs. Lisa Godsel and Kathleen Green, Department of Pathology, Northwestern University Feinberg School of Medicine, Chicago, IL) was added at a 1:200 dilution for 30 min at 37 C. Subsequently, secondary donkey anti-rabbit IgG-Alexa Fluor 488 conjugated antibody (Gibco-Invitrogen) was added at a 1:400 dilution and the coverslip was again incubated for 30 min. After washing in water, mounting medium (Polyvinyl alcohol mounting medium with Dabco, Sigma-Aldrich) was applied. Immunofluorescence imaging was performed under a Nikon Intensilight C-HGFI light source equipped with a G-2A filter (Nikon Instruments Inc., Melville, NY).
D. Quantitative Analysis of Cell Surface Indentation
AFM has been used to quantitatively assess nanomechanical properties of biological materials ranging from living cells and membranes to bone and cartilage [24] . We obtained force measurements in cultured keratinocytes by driving the AFM cantilever into the cellular sample at a particular point and then retracting it over a predefined distance. The movement of the piezoelectric transducer (PZT), used to control and drive the AFM cantilever vertically, and the deflection signal from the cantilever was recorded as a deflection-displacement curve. A typical deflection-displacement curve for a hard and soft surface is shown in Fig. 1 . In this experiment, glass was chosen as the hard material to serve as reference for the cell sample (soft material). The force curve plots the relation between the cantilever displacement and its vertical deflection . The hard surface is regarded as indefinitely stiff compared with the cantilever and will not be indented [25] and therefore the deflection-displacement curve has a slope of 1 (Fig. 1) . The deflection sensitivity which correlates the photodiode voltage with the deflection of the cantilever can then be calibrated by the deflection-displacement curve of the hard surface. For the experiments presented here, the deflection sensitivity was set as 14 nm/V. On the other hand, the soft surface where indentation becomes dominant will have a slope less than 1 as indicated in Fig. 1 . The indentation depth of the cell can be calculated by (1) Fig. 1 . Typical deflection-displacement curves obtained for glass and cell surface. Glass is chosen as the hard reference material for comparison with the cell (soft material). The slope of the curve for the glass is 1.
is the indentation of the cell, d d d is the vertical deflection and z z z is the displacement of the cantilever. Once the tip touches the sample surface, a contact point between the tip and the sample is established and reflected from the changes in the deflection-displacement curve. The displacement and deflection of the cantilever at the contact point are denoted as and , respectively. Since the cell indentation happens after the tip contacts the surface, the actual indentation of the cell is then obtained by measuring the difference between the actual displacement and deflection after the contact point (2) The indentation force can be easily computed by applying the Hooke's law to the cantilever (3) where is the spring constant of the cantilever.
Based on the above method, the deflection-displacement was converted to the force-indentation curve as shown in Fig. 2 which directly depicts the elasticity of the cell surface. 
III. EXPERIMENTAL RESULTS
A. Live Cell Imaging
After HaCaT cells had reached confluency, the overall formation of the desmosomal junction between adjacent cells was first visualized by immunofluorescence microscopy. The immunofluorescence image reveals the distribution of desmoplakin, an obligate protein-component of functional desmosomes, in the periphery of each cell, and bridging adjacent HaCaT cells (Fig. 3) , thus confirming that the neighboring cells form desmosomes. We used these IF images to guide the acquisition of AFM images directed at the desmosomal junction structures of living HaCaT cells under physiological conditions in tapping mode with scan sizes of m at a scan rate of 0.4 Hz. The position and structure of the cell junction between two cells can be clearly observed (Fig. 4) .
B. Force Measurements at Different Cellular Locations
In addition to providing a visual representation of the cellular junction, we also conducted AFM force measurements at various cellular locations to address the potential variations in topography across the cell surface. Several contact positions for force measurements were selected near the center of a single keratinocyte [ Fig. 5(a) ]. The corresponding deflection-displacement curves are shown in Fig. 5(b) . As the probe tip is brought close to the surface, a cell contact point is established [arrow, Fig. 5(b) ], and thereafter the cell surface is indented. Once the tip contacts the cell surface, the force increases along with increasing indentation in the cell membrane. The slope, or shape of the deflection-displacement curve provides information regarding the elasticity of the sample surface. Since the deflection of the cantilever is proportional to the applied force, our data show that there are no meaningful differences of the applied force between different locations near the center of the cell.
C. Force Measurements Before and After Anti-Dsg 3 Antibody Treatment
Dsg 3 is a structural component of the cell junction and the effect of specific antibody binding to this molecule was studied by our force measurement setup. First, the overall structure of the living HaCaT cells was imaged by AFM and the measuring position was selected. Fifty L of irrelevant control antibody (1:50 dilution) was added to the sample and the deflection-displacement curve was immediately obtained from the center of Fig. 5(a) . The arrow indicates the contact point of the cell and the AFM tip. There are no meaningful differences of the applied force between different locations near the center of the cell. the cell (Fig. 6) . Subsequently, an equal amount of pathogenic anti-Dsg3 antibody was added to the same sample and after 4 h the deflection-displacement curve was recorded at the identical location (Fig. 6 ). Our data indicate that the deflection at the same level of displacement increases after pathogenic anti-Dsg3 antibody treatment. This increase was observed in 5 independent experiments.
As described in the Experimental Methods section, the cell indentation can also be calculated from the deflection-displacement curve. We calculated the corresponding indentation of HaCaT cells by obtaining force-indentation curves based on the deflection-displacement curves with and without antibody treatment (Fig. 7) . Our data indicate that the indentation force is notably increased by anti-Dsg3 antibody binding, suggesting that HaCaT cells exhibit greater cellular stiffness several hours after antibody treatment.
D. Elasticity Data
The Young's modulus for the cell under each experimental condition can be calculated by performing the curve fitting of the force-indentation curves using the Hertzian model. For a parabolic indenter, the Hertzian model can be expressed as [25] (4) where is the Young's modulus, is the Poisson's ratio and is the radius of curvature of a paraboloid indenter. is the indentation and is the indentation force defined in (2) and (3).
Therefore, the fitting parameter would be (5)
The fitting curves for force-indentation curves of living HaCaT cells with goat anti-mouse Ig irrelevant control antibody and 4 h postpathogenic anti-Dsg3 antibody treatment are shown in Fig. 8 . For the control sample , the Young's modulus was calculated as 29.1 KPa [ Fig. 8(a) ], while for the pathogenic antibody treated sample , the Young's modulus was calculated as 82.2 KPa (Fig. 8(b) ). This three-fold increase of Young's modulus (from 29.1 to 82.2 KPa) indicates the stiffness of HaCaT cells increases 4 h after antibody treatment.
IV. DISCUSSION
Our group has previously shown that AFM technology can be applied to image desmosomal structures in human epithelial cells at the nanoscale and to monitor structural changes at the cell junction after antibody treatment [17] . Here, we extend these studies to examine the mechanical properties of the cell junction at the early stages of desmosomal dissociation. We demonstrate that AFM technology can be used to investigate quantitative changes in cell stiffness of living HaCaT cells preand post-antibody treatment at the nanoscale in real time.
It is known that in the blistering skin disorder Pemphigus vulgaris, binding of anti-desmosomal autoantibodies, such as to Dsg3, leads to a loss of cell-cell contact between neighboring keratinocytes, a process referred to as acantholysis. However, the molecular mechanisms leading to disruption of the desmosome and the sequence of cell structural events associated with acantholysis remain unresolved. Imaging of these processes in real-time and correlating them with nanomechanical changes at the cell surface can be expected to illuminate a much more detailed understanding of desmosomal dissociation, particularly antibody-induced changes. To our knowledge, this is the first study to measure the mechanical properties of epithelial cells pre-and post-antibody binding. We demonstrate that the Young's modulus increased threefold after specific antibody treatment. In other terms, keratinocytes become stiffer after antibody binding. A change in cell stiffness can theoretically be predicted in the context of the so-called tensegrity model. As coined by Ingber et al. [26] , cells can be regarded as a tensegrity structure. In this tensional integrity body, one of the cytoskeleton elements, microtubules, bear the compression force while actin filaments and intermediate filaments bear the tensional force. Therefore, the cytoskeleton elements, along with the extracellular matrix (ECM) which serves as anchoring point for actin filaments, can achieve a force balance under which prestress can be defined. The prestress therefore determines the stiffness of the cell body as a whole, of which the Young's modulus is a quantitative measurement. After cell-cell adhesion structures are attacked by specific antibodies the anchorage of intermediate filaments is likely to be changed with a resultant new force balance. Under the new force balance, the prestress will also be different, and cell stiffness would be changed.
It is known that the Young's modulus of the epithelial cell varies under different conditions depending on their growth stage, including number of passage cycles, the number of growth days per passage cycle and the cellular region selected for AFM indentations [27] . Epithelial cells have distinct regions of surface rigidity, such as the area above the nucleus, the cytoplasm and the cell periphery. Recently, the elasticity of cells has been described in aging experiments of primary human foreskin epithelial cell cultures with "young" being defined as fewer than 3 passages in vitro ( 25 population doublings) and "old" being defined as over 8-12 passages ( 50 population doublings) [28] . In these studies, the Young's modulus was between 1 KPa and 100 KPa for "young" cells and between 20 KPa and 100 KPa for the "old" cells measured at the nuclear area by using AFM nanoindentation [28] . By comparison, the cells used in our studies are immortalized cell lines, and so the "true" cell age is hard to assess. Nevertheless, the HaCaT cells used here had been growing for more than 25 passages (but less that 30), were allowed to reach confluence (typically within 4-8 days in all experiments), and all the AFM force curves were taken at the center of the cell so that the experimental conditions are comparable between experiments. Thus, our elasticity data of 29.1 KPa without antibody treatment is well within the range detected for cellular aging studies [28] .
After autoantibody treatment, we found that cell stiffness in HaCaT keratinocytes increased to 82.2 KPa. Changes in cell stiffness have been associated with specific disease states in previous work. Metastatic cancer cells, such as lung, breast, and pancreatic tumor cells, exhibit much lower elastic stiffness than their benign counterparts, likely reflective of cytoskeleton changes associated with malignant transformation [4] , [5] . In contrast, when leukemia cells were exposed to chemotherapeutic agents, such as dexamethasone and daunorubicin, their cell stiffness increased by nearly two orders of magnitude [29] . Cell stiffness began to increase within an hour of exposure and peaked after the completion of cell death. The authors of this study investigated the association of this phenomenon with the induction of apoptosis in the leukemia cells, and concluded that cellular stiffness increased before caspase activation (i.e.in the early stages of the apoptotic process) and peaked after completion of cell death. Interestingly, apoptosis can be induced by PV immunoglobulin in cultured keratinocytes [30] . At present, the role of apoptosis in PV is unclear and may only occur secondary to acantholysis [31] , [32] . Alternatively, apoptosis may be an integral part of the acantholytic process, as recently suggested in a novel paradigm of keratinocyte damage in PV termed "apoptolysis" [33] . It is tempting to speculate that the increase in cell stiffness seen 4 h after anti-Dsg3 antibody binding in our study is reflective of the induction of the apoptotic process that is associated with acantholysis in PV. Further application of the AFM platform described in this report to study the timing of changes in cellular stiffness after anti-desmoglein 3 antibody binding with specific molecular markers of apoptotic pathways should allow us to explore this possible link in more detail.
V. CONCLUSION
In this report, we have demonstrated the feasibility of using AFM to measure the elasticity of keratinocytes in the context of epithelial adhesion. Specifically, we have used AFM for the first time to obtain quantitative data associated with changes at the cell surface of keratinocytes induced by autoantibodies directed against desmoglein 3 (Dsg3). Our study advances the application of AFM technology to the study of human skin cells in physiologic and pathologic conditions (i.e., after disruption of intercellular adhesion). Our group has previously shown that structures associated with the cellular adhesion complex can be clearly visualized upon high magnification AFM imaging of HaCaT cells. In this study, we demonstrate that the mechanical properties of epithelial cells grown to sufficient confluency to form desmosomal adhesion structures are altered by anti-Dsg3 autoantibody. In conclusion, detailed AFM visual and quantitative mechanical data are important for us to understand dynamic changes at the keratinocyte surface more clearly which reflect the in vivo state in PV patients that is critical to the development of disease. 
